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Effect of hemodiaysis on cardiovascular rhythms in end-stage renal
failure. The purpose of this investigation was to determine non-invasively
the alteration in autonomic cardiovascular control observed in end-stage
renal disease (ESRD) patients submitted to a hemodialysis (HD) treat-
ment. The effect of HD on finger blood pressure (BP) and heart rate (HR)
variability was studied by means of spectral analysis in 12 ESRD patients
at supine and during 450 head-up tilt. Amplitude spectra of BP and HR
rhythinicity were estimated and integrated amplitudes of the low (60 to
140 mHz, Mayer waves) and high frequency (area under the curve at mean
respiration rate 50 mHz) components were computed. The overall
variability of a signal was given by the total area under the curve of the
spectrum between 20 and 500 mHz. The transfer function was calculated
between systolic BP and HR fluctuations using cross-spectral analysis. The
principle findings are as follows: (I) Before HD, overall variability in
systolic and diastolic BP as well as in the low frequency component in BP
spectra were markedly reduced in ESRD patients compared to control
subjects. Dialysis produced an immediate improvement in overall BP
variability and the LF BP rhythmicity. (2) Before HD, there was an
alteration of the HR spectral profile in uremic patients. (3) Chronic
uremia and HD induced no changes in the transfer gain characteristic of
modulation of HR by systolic BP. Taken together, these findings suggest
that volume depletion in ESRD patients during a dialysis treatment is
responsible for the improvement of overall BP variability and its spectral
components.
Previous studies have shown a high prevalence of impaired
cardiovascular autonomic nervous control in patients with end-
stage renal disease (ESRD) 1—6]. Procedures based on blood
pressure (BP) and heart rate (HR) responses to standard stimuli
have been used to localize the defect in the autonomic nervous
system. It has been reported that lesions may occur in both the
afferent and the efferent limbs of the autonomic nervous system in
chronic uremia [1, 3, 41.
Power spectrum analysis of periodic heart rate (HR) and blood
pressure (BP) fluctuations has become a widely accepted indirect
and non-invasive tool of assessing the autonomic control of
cardiovascular function during different physiological perturba-
tions or disease states [7—12]. The method of spectral analysis is
utilized for the detection and quantitative description of period-
icities in cardiovascular fluctuations by deconvolution of the
original time series into sinusoidal functions of different frequen-
cies. Three major components are usually considered: one is at
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respiration frequency (around 250 mHz), another around 100
mHz, and a third in a very low frequency region around 30 mHz
[13]. In HR spectra, the high frequency (HF) component is linked
to respiration and mediated predominantly by cardiac vagal
activity, while the low frequency (LF) and very low frequency
components are mediated by sympathetic, parasympathetic and
renin-angiotensin system activity [7—10, 14]. In arterial BP spectra,
the HF component is mainly related to mechanical effects of
respiration on cardiovascular control [15]. The periodic fluctua-
tions in systolic BP around 100 mHz (so-called 10-s-rhythm or
Mayer waves) seem to be a marker of sympathetic modulation [9].
Using spectral analysis methods it has been shown that a single
hemodialysis (HD) in ESRD patients restores the LF component
in HR [16] but not in BP rhythmicity [17]. This led to the
suggestion that toxic substances which are removed by HD may be
responsible for a functional cardiac autonomic rieuropathy in
these patients. Other factors besides "uremic toxicity" are anemia
and overhydration which are related to renal insufflency [18].
Recently we found that acute volume expansion of the intratho-
racic compartment of the circulation by head-down tilt is able to
reduce the overall HR and BP variability [19]. Furthermore, in a
pilot study (Fig. 1) we observed a normalization of the orthostatic
HR response in ESRD patients only when the HD was combined
with significant ultrafiltration. According to these data the pur-
pose of our present study was, therefore, to determine whether
HD in ESRD patients provokes acute changes in autonomic
cardiovascular control and in the complex systolic BP-HR rela-
tionship, which could be due to the volume depletion during HD.
Methods
Subjects
Twelve ESRD patients (7 men/5 women) undergoing mainte-
nance hemodialysis therapy were studied. The age of the patients
was 46 (33 to 56) years (median, 25% to 75% percentiles) with a
range from 25 to 58 years. The duration of dialysis therapy was 70
(22 to 187) months and ranged from 3 to 240 months. The height
of the patients was 162 (155 to 170) cm and the body weight
before HD was 57.3 (51.1 to 64.6) kg. The causes of the chronic
renal failure in the patient group were chronic glomerulonephritis
(5 patients), interstitial nephritis (4 patients), polycystic kidney
disease (2 patients), angioscierotic nephropathy (1 patient). No
patient had a past history of ischemic heart disease, cerebrovas-
cular disease, diabetes or hyperlipidemia or had undergone
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Fig. 1. Heart rate response from supine to active standing in normal subjects(NS, N = 42, qge = 42 10 years) and end-stage renal disease patients
(ESRD, N = 31, age = 45 12years) before dialysis (D), after dialysis and
ultrafiltration (UF, 3.1 0.8 liter), and after dialysis without ultrafiltration
(0.1 0.1 liter). Values are mean SD.
bilateral nephrectomy. No one showed signs and symptoms of an
autonomic or peripheral neuropathy [20]. No patient was taking
any antihypertensive therapy or vasoactive drugs. Four out of 12
patients were mildly hypertensive (BP > 140/90 mm Hg) and 4
patients were mildly hypotensive (BP < 100/60 mm Hg) in the
before-HD state in the supine position. The patients underwent
dialysis therapy three times per week and the duration of dialysis
was individually adjusted (3 to 5 hr) to control body fluids and to
maintain the predialysis serum urea at less than 30 mmol/liter,
serum creatinine at less than 1.1 mmol/liter and serum electrolytes
within the normal range. Dialysis was performed using dialyzers
whose surface areas (1.2 to 2.1 m2) were matched to the patient's
body surface area. Dialysate water was treated with reverse
osmosis. The dialysate was delivered by a system which included
bicarbonate delivery and ultrafiltration devices. An internal arte-
riovenous fistula was used in all patients. Iron supplements were
routinely prescribed.
Twelve healthy volunteers (7 men, 5women) aged 42 (36 to 49)
years with an age range from 23 to 56 years were studied as
controls. The height of the controls was 175 (165 to 180) cm and
the body weight was 74 (61 to 80) kg. All control subjects were
normotensive, none was receiving any medical treatment, and
none had any neurologic, cardiac or metabolic diseases.
Informed consent for investigation was obtained from each
subject, after a detailed description of the procedures had been
given. The protocol of the study was approved by our institutional
review board.
Apparatus and experimental protocol
Investigations were performed in a controlled environment
kept at 22 1°C. Subjects were lying on a electronic tilt table.
Finger arterial BP and pulse intervals [transformed in HR (beats
per minute, bpm) automatically] were measured by a FINAPRES
device (model 2300, Ohmeda, Trappes, France). In control sub-
jects, the cuff was placed at the third finger of the right hand, while
in patients the cuff was wrapped around the middle or ring finger
of the hand contralateral to the arm in which the arteriovenous
shunt was placed. The cuffed finger was kept at the heart level
during the experiments. The analog output from the FINAPRES
was connected to an analog-to-digital (A/D) converter (AS 1,
Notocord Systems, Igny, France) to permit data acquisition,
storage, and analysis using a Dynamit computer (PC-AT 286).
The subjects rested in a supine position with recording trans-
ducers attached for an adaptation period of 15 minutes. At the
end of this period, finger arterial BP and HR were recorded for 10
minutes at the supine position. Once these measurements were
finished, the examination table was tilted up, leading to 45°
head-up tilt (HUT). In no case was discomfort, dizziness, or
syncopes observed. After two minutes of HUT arterial BP and
HR were recorded for 10 minutes. In ESRD patients, this procedure
was performed immediately before and after hemodialysis.
Signal processing and data analysis of HR and BP recordings
The BP signal was digitized using a 12-bit A/D converter at a
rate of 500 Hz, and processed by an algorithm based on feature
extraction to detect and measure the characteristics of an arterial
pressure cycle with its maximum in a 0.2-s window. Systolic, mean
and diastolic BP and HR, calculated as 60,000/heart period, were
stored. The evenly spaced (equidistant) sampling permitted direct
spectral analysis of each distribution using a Fast Fourier Trans-
form algorithm on a 1024-point stationary time series (Anapres
3.0, Notocord Systems, Igny, France). This corresponded to a 3
minute and 25 second period at this 5 Hz sampling rate. All
spectra are reported as amplitude spectra. The amplitude (mod-
ulus) of the HR and BP spectrum (ordinates) had units of
[bpm/HzU'2] and [mmHg/Hz112}, respectively. The frequency of the
oscillation scale (abscissa) was analyzed up to 500 mHz. The
integrated amplitude was calculated over the frequency band 20 to
500 mHz (total area under the curve, T-AUC, without any direct
current component), as well as in the LF (60 to 140 mHz) and in
the HF band. The HF band corresponds to the respiration, which
is usually observed between 200 and 350 mHz in the HR spectrum
[13]. The respiratory frequency was defined as the frequency at
the maximal spectral peak in this frequency region in the HR
spectrum and controlled by counting the breathing rate of the
subjects during the experiment. The integrated amplitude for the
respiration related frequency band was calculated at the respira-
tory peak amplitude 50 mHz in HR and BP spectra to obtain a
narrow frequency band.
The mean of each variable, the T-AUC (a measure of overall
variability) and the absolute and relative [100 multiplied with
absolute valueiT-AUC in (%)j spectral density estimates in the
two frequency bands of interest in systolic and diastolic BP and
HR were calculated in controls and ESRD patients for each body
posture.
The transfer function analysis was utilized to assess the rela-
tionship between spontaneous systolic BP and HR fluctuations in
the frequency domain. The calculation of the transfer function
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from systolic BP to HR was based on the auto- and cross-spectral
technique with a five-point triangular window for smoothing in the
frequency domain [211. The transfer function provides informa-
tion about magnitude (or gain) and phase relation of both signals
in the frequency range considered. The gain function defines the
ratio between changes in HR (output) and changes in systolic BP
(input) in [bpm/mm Hg] at any given frequency. The gain of the
LF band is considered to be a non-invasive index of the arterial
baroreflex control of the heart [22, 23]. The phase function
specifies the phase difference (lead or lag) between the two signals
in the frequency domain. The gain and phase relationship can be
estimated reliably only when the coherence is high. The (squared)
coherence function quantifies the amount of linear coupling
between two time series at any given frequency and is comparable
to the (squared) correlation coefficient in the time domain. The
coherence may have values between 0 and 1. The gain and phase
values for the LF band were estimated at that frequency where the
coherence was maximal (> 0.5) in this frequency region [24].
Statistical analysis
Results are expressed as medians and 25% and 75% percen-
tiles. The absolute values of the LF and HF components in BP and
HR spectra were log-transformated in order to reduce the large
interindividual variability. Comparisons of measurements be-
tween supine and HUT in ESRD patients before and after
hemodialysis were performed using non-parametric analysis of
variance for repeated measures followed by the Wilcoxon signed
rank test. The Wilcoxon test was also used to assess differences in
the values between supine and tilt conditions in control subjects.
Values obtained in controls and ESRD patients were compared
using the Mann-Whitney U-test. Spearman's rank correlation
coefficients were calculated to evaluate the relation between
variables. A probability level < 0.05 was considered statistically
significant.
Results
Subjects
ESRD patients had a lower weight (P < 0.05) and were smaller
in stature (P < 0.05) than controls. After HD, the weight of the
patients decreased from 57.3 (51.1 to 64.6) kg to 55,6 (49.0
to 61.8) kg (P < 0.01), while the hematocrit increased from
31.5 (29.0 to 37.5)% to 35.0 (31.0 to 43.5)% (P < 0.05). The
calculated relative blood volume change (1 hematocritl,efore I ID'
hematocritafter HD in [%]) was —11.8 (—16.7 to —2.8)% during HD.
Responses of averages and overall variabilities
As illustrated in Figure 2, arterial BP and HR always showed a
spontaneous variability around their average values in healthy
subjects. Table I presents the average HR, systolic and diastolic
BP, and respiratory frequency in controls and ESRD patients at
the supine and during HUT positions. Patients after HD revealed
a significant increase in average HR in the supine and tilted
position compared to the before-HD state and to the controls. As
shown in Figure 3, the average HR increased significantly with
tilting in both control subjects and ESRD patients; however, this
increase was more marked in controls and in the after-HD state of
the patients than in the before-HD state. There was no correlation
between the augmented orthostatic HR response after HD and
the calculated blood volume change (Spearman's rank correlation
coefficient = 0.155; P = 0.61). In ESRD patients before HD, a
significant increase in systolic BP was noted during tilt (Table 1).
This average systolic BP value at tilt was higher than the value in
the after-HD state and in the control groups. In both groups
studied, the average diastolic BP increased with tilting. Patients
before HD showed a significantly higher diastolic BP at tilt than
after HD.
As shown in Table 2, the overall variability in HR, and systolic
and diastolic BP was attenuated in ESRD patients before HD
compared to controls. After HD, the overall variability in BP was
significantly elevated and was no longer different than that
observed in the control group. The HR variability showed a strong
trend to higher values in patients after HD (Table 2). In controls,
the overall variability of systolic and diastolic BP increased
significantly with the change from supine to tilt. In patients after
HD, a significant rise in diastolic BP variability was also found
during HUT.
Response of amplitude spectra
The spectral analysis of BP and HR variability provided a
quantitative assessment of their rhythmic components. Figure 2
depicts the original HR and BP time series at supine and tilting in
one control subject, and shows the principal spectral profiles
accompanying these experimental conditions. With a change in
the position from supine to 45° HUT, marked increments in the
amplitude of the 10 second rhythmicity in HR, and systolic and
diastolic BP time series were seen, which is illustrated by a
prominent peak in the LF region of their amplitude spectra.
Figure 4 presents the spectral pattern of BP and HR signals
during orthostatic load in one ESRD patient before and after HD.
In the before-HD state, the absolute LF component was
reduced compared to controls in both HR and BP spectra at
supine and tilt (Table 2). The relative contribution of this LF
component to the overall variability was especially diminished in
the BP signal independent of the body posture (Table 2). The
absolute HF component in HR spectra was significantly lower in
patients before HD than in controls at supine and tilt, while the
relative value of the HF band showed a reduction only at the
supine position.
In the after-HD state, the absolute LF component in HR and
systolic BP spectra was no longer different than values obtained in
control subjects at supine. During tilt, systolic and diastolic BP
variabilities at LF were actually reduced compared to controls, but
were significantly increased versus the before-HD state (Table 2).
The HF component in HR spectra was reduced in comparison to
controls in absolute and relative units during HUT.
There were no significant correlations between spectral density
estimates in HR and BP signals and the duration of HD or the
calculated blood volume change during HD.
Response of transfer function between systolic BP and HR
A high correlation (coherence > 0.5) was found between
periodic systolic BP and HR fluctuations around 100 mHz in all
control subjects and in 9 out of 12 ESRD patients (Table 3). The
coherence in controls increased from supine to upright and was
significantly higher than in ESRD patients before HD in both
body positions (Table 3).
Figure 5 depicts the coherence, gain and phase functions
obtained from one healthy volunteer during the supine and
upright positions. The gain diagram indicates that the transfer-
magnitude for the LF band was lower during HUT than at supine.
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This reflects the systematic diminution of the transfer magnitude
after changing the body position from supine to upright obtained
in all controls as well as in ESRD patients before and after I-ID
(Table 3). There was no significant difference in the transfer
magnitude between controls and patients in either posture.
The phase angle between systolic BP and HR fluctuations in the
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Fig. 2. Tracings are 205 second samples of
representative heart rate (HR), systolic blood
pressure (SBP), and diastolic blood pressure
(DBP) time series obtained from one control
subject at supine and during 450 head-up
position. The corresponding amplitude spectra
of HR, SBP and DBP signals are shown. Note
the marked increase in low frequency
rhythmicity in all time series during tilt. Bpm is
beats per minute.
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Table 1. Mean and overall variability of heart rate and blood pressure and mean respiratory frequency in controls and end-stage renal disease
patients
ESRD patients
The decrease in blood volume by HD (around 10%) elicited an
increase in HR at rest and during sympathetic activation (tilt) and
significantly augmented the HR response to tilt in patients after
HD compared to the before-HD state. The orthostatic HR
response is considered to be a result of a potent cardiovascular
stress which demands a change in autonomic balance from a vagal
(supine) to a more sympathetic efferent activity (tilt) in order to
maintain the cardiovascular homeostasis [25]. The normal ortho-
static HR response we found after HD suggests no important
neuropathic alteration of the efferent cardiac sympathetic nerves
in the patient group studied. The enhanced arterial BP reaction to
tilt was also changed by HD. In a pilot study we found (Fig. 1) that
HD without ultrafiltration produced only a small change in
Fig. 3. Comparison of orthostatic heart rate response (delta HR, HR
difference supine to 45° head-up tilt) between 12 healthy subjects and 12
patients with end-stage renal disease (ESRD) before and after hemodialysis(LID). Data are median (25% to 75% percentiles); bpm is beats per
minute.
orthostatic HR response compared to the before-HD state in
contrast to HD with ultrafiltration. Therefore, it is fair to assume
that the behavior of hemodynamic data before dialysis is second-
ary to the overhydration caused by the underlying disease process
[26, 27].
Variable
HR
Controls Before HD
Supine Tilt Supine Tilt
After HD
Supine Tilt
Median 64 76b 75 78b 82d,f 89h,d,f
bpm 61—71 69—79 62—80 67—84 76—99 83—113
T-AUC 1535 1649 1106 1021° 1406 1553
bpm/Hz"2 1257—2676 1302—2818 879—1815 647—1638 1024—1751 1017—1817
SBP
Median 115 110 119 131"" 104 114"
mm Hg 107—120 106—118 100—142 124—144 95—126 85—135
T-AUC 2134 2624" 1641° 1700d 2170° 2640f
mm Hg/Hz"2 1893—2793 2141—3198 1281—2049 1369—2213 1368—2730 1551—2894
DBP
Median 60 63" 63 72" 53 62""
mm Hg 55—63 61—69 56—73 62—90 49—68 53—73
T-AUC 1164 1678" 714" 747d 1035° 1186a,f
mm Hg/Hz"2 1025—1271 1125—1862 639—871 704—1156 843—1239 865—1638
RF
Median mHz 230
200—292
225
200—283
262
250—300
257
250—300
280
252—315
285
252—310
Values are medians (25% to 75% percentiles) for 12 control and 12 end-stage renal disease (ESRD) subjects. Abbreviations are T-AUC, total area
under the curve of blood pressure and heart rate amplitude spectra, respectively, in the frequency band between 20 and 500 mHz; bpm, beats per minute;
HD, hemodialysis; HR. heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; RF, respiratory frequency.
° P < 0.05 supine vs. tilt
"P < 0.01 supine vs. tilt
° P < 0.05 control vs. ESRD
"P < 0.01 control vs. ESRD
° P < 0.05 before HD vs. after HD
P < 0.01 before HD vs. after HD
LF band was not significantly modified by HUT in both groups
(Fig. 5, Table 3). At supine, the phase angle was significantly lower
in ESRD patients before and after HD compared to control
subjects.
Discussion
This study shows that: (1) HD with ultrafiltration provides an
immediate improvement of the overall systolic and diastolic BP
variability; (2) the increment in overall BP variability is mainly due
to the restoration in the amplitude of the LF component; and (3)
chronic uremia and HD induce no changes in the transfer gain
characteristics of modulation of HR by systolic BP. We suggest
that the improvement of overall cardiovascular variability by HD
is related to the correction of overhydration in the patients during
a dialysis treatment.
Autonomic cardiovascular control in ESRD patients before and
after HD
20
Before HO After HD
Controls ESRO patients
Median 9 5 12
25%—75% (7—15) (1—7) (8—16)
percenlilos
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Table 2. Spectral components of heart rate and blood pressure variability in control subjects and in end-stage renal disease patients
The overall HR variability tended strongly to be lower before
than after HD and was significantly reduced in the before-HD
state at tilt compared to controls. Spectral analysis of HR time
series showed a mild alteration of the rhythmic components of
HRV in ESRD patients before HD. Reductions in short-term
variability and rhythmicity of HR have already been described in
chronic renal failure and were connected with a cardiac auto-
nomic defect [4, 16, 28—32]. Previous studies in humans demon-
strated that the HF component in HR is mediated by the variation
of the efferent vagus nerve activity, while the LF component is
mediated by both the variations of vagal and sympathetic nerve
activity to the sinoatrial node [8, 10, 33, 341. In contrast, our
findings are not related to a decreased parasympathetic nervous
system input into the heart in ESRD patients before HD, but to
the hypervolemic state and/or "toxic agents." After HD we
obtained nearly normal HR spectral values and an intact barore-
flex control of HR. Also, it seems unlikely that a damage of the
sympathetic cardiac innervation is behind the reduced LF com-
ponent (especially during sympathetic activation at tilt [35]),
because dialysis induced a prompt rise in HR and a normal HR
response to orthostatic stress. In a previous study, Forsström et al
[16] reported a significant increase in overall HR variability and in
relative HR power around 100 mHz by HD. They suggested that
toxic agents affecting the autonomic cardiac innervation are
removed by dialysis. Our data in HR variability and rhythmicity
tended in the same direction without reaching significance.
The increment of the overall BP variability by HD was a robust
finding in the patient group studied. The reduced overall variabil-
ity in systolic as well as diastolic BP in the before-HD state is
mainly due to the alteration of the LF component in both body
postures. While the LF component in systolic BP is essentially
restored by HD, the LF component in diastolic BP was partly
Variable
Controls
ESRD patients
Before HD After HD
Supine Tilt Supine Tilt Supine Tilt
HR
LF component
Absolute 2.63 279" 2.39c 225d 2.46 2.49c
Relative
(2.48—2.79)
25
(21—32)
(2.55—2.94)
31b
(26—40)
(2.12—2.59)
22
(17—27)
(2.06—2.51)
20d
(17—24)
(2.28—2.66)
23
(16—28)
(2.30—2.72)
23C
(17—28)
HF component
Absolute 2.66
(2.57—2.97)
2.60
(2.48—2.92)
2.48c
(2.29—2.64)
2.34c
(2.16—2.60)
2.62
(2.34—2.66)
2.44"
(2.25—2.61)
Relative 29
(26—35)
27
(23—33)
26"
(21—30)
23
(20—27)
26
(19—31)
23C
(18—24)
SBP
LF component
Absolute 2.80 2.99" 252" 260a,d 2.70 2.88"""
Relative
(2.73—2.88)
28
(25—31)
(2.85—3.05)
33"
(29—39)
(2.42—2.70)
24'
(18—30)
(2.44—2.76)
24d
(21—31)
(2.49—2.90)
25
(21—29)
(2.63—2.98)
30"
(24—35)
HF component
Absolute 2.65
(2.48—2.78)
2.80a
(2.58—2.89)
2.55
(2.33—2.64)
2.51"
(2.44—2.66)
2.54
(2.34—2.82)
2.68
(2.48—2.74)
Relative 21
(19—23)
24
(17—28)
22
(18—24)
21
(16—27)
18
(15—27)
18
(16—21)
DBP
LF component
Absolute 2.64 2.82" 226" 235b.d 2.41"" 256b,c.
Relative
(2.57—2.68)
36
(30—39)
(2.67—2.90)
40b
(35—43)
(2.18—2.41)
26"
(21—31)
(2.26—2.55)
29a,d
(25—34)
(2.34—2.55)
27"
(22—34)
(2.37—2.84)
31,c
(26—39)
HF component
Absolute 2.14
(2.06—2.36)
2.31
(2.01—2.73)
2.10
(2.01—2.28)
2.11
(2.03—2.22)
2.28
(2.06—2.45)
2.38
(2.07—2.45)
Relative 15
(11—20)
14
(10—27)
16
(14—20)
14
(13—18)
17
(13—24)
17
(13—21)
Values are medians (25% to 75% percentiles) for 12 control and 12 end-stage renal disease (ESRD) subjects. Abbreviations are: absolute,
log-transformated absolute value of the area under the curve in [bpm/Hz"2] for heart rate amplitude spectra and in [mm Hg/Hz"2] for blood pressure
amplitude spectra in the frequency bands considered; relative, 100 multiplied with absolute/total area under the curve (20 to 500 mHz) in (%); bpm,
beats per minute; HD, hemodialysis; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; LF, low frequency; HF, high frequency.
"P < 0.05 supine vs. tilt
"P < 0.01 supine vs. tilt
P < 0.05 control vs. ESRD
dP < 0.01 control vs. ESRD
"P < 0.05 before HD vs. after HD
P < 0.01 before HD vs. after HD
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Fig. 4. Amplitude spectra of heart rate (HR),
systolic blood pressure (SBP), and diastolic blood
pressure (DBP) in one patient with end-stage
renal disease before and after hemodialysis (HD)
at supine and during 450 head-up tilt. Open
graphs refer to the after-HD state, shaded
graphs refer to the before-HD state.
higher after than prior dialysis, but remained significantly lower LF component in systolic BP was found to be increased during
compared to controls. It has been indicated that the LF compo- orthostasis [9], physical exercise [12], daytime compared to night-
nent in BP spectra seems to be a marker of sympathetic nervous time [361,and transient coronary occlusion [37], and was observed
modulation of vascular tone. For example, the magnitude of this to be strongly depressed after a1-adrenergic blockade in conscious
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Table 3. Transfer function response of systolic blood pressure to heart rate
Variable
Controls
ESRD patients
Before HD After HD
Supine Tilt Supine TiltSupine Tilt
LF component
Coherence 0.83 0.90° 0.70° 0.69° 0.78 0.86
Gain
(0.73—0.92)
0.99
(0.80—0.95)
070b
(0.63—0.75)
1.00
(0.65—0.81)
0.49°
(0.71—0.84)
0.91
(0.71—0.91)
0.47k'
bpm/mm Hg
Phase
(0.57—1.30)
2.32
(0.46—1.00)
2.10
(0.49—1.14)
1.74c
(0.28—0.53)
1.89
(0.58—1.15)
1.72"
(0.34—0.74)
1.92
radians (1.82—2.88) (1.63—2.48) (1.60—2.09) (1.49—2.00) (1.34—1.74) (1.79—2.10)
Values are medians (25% to 75% percentiles) for 12 control subjects and 9 end-stage renal disease (ESRD) patients. Abbreviations are: LF, low
frequency; bpm, beats per minute; HD, hemodialysis.
°P < 0.05 supine vs. tilt
bP < 0.01 supine vs. tilt
°P < 0.05 control vs. ESRD
d P < 0.01 control vs. ESRD
dogs [37] or rats [38, 39] and absent in tetraplegic human subjects
[401. According to these studies, the decrease in LF BP fluctua-
tions (as well as in overall BP variability) may reflect a functional
deterioration of the efferent sympathetic vasomotor control in
ESRD patients before HD. However, it has been reported that
the sympathetic vasoconstrictor discharge to the skeletal muscle
circulation was markedly increased in uremic patients with native
kidneys and not influenced by the expanded plasma volume
between dialysis treatments [41]. The improvement of BP vari-
ability by HD, therefore, seems to be unrelated to changes in
efferent sympathetic nerve activity. We suggest that the effect of
HD with ultrafiltration on BP variability and rhythmicity is due to
(central) blood volume alterations. Changes in the volume loading
of the cardiovascular system by HD produce changes in arterial
geometry which influence the reactivity of the arteries [421. An
enlarged arterial diameter in the overhydrated state before dial-
ysis and a decreased arterial compliance [18] may increase the
variation in pressure because of altered function of arterial
baroreceptors. The consistently increased sympathetic nerve dis-
charge could be effective in inducing trterial pressure variations
only when the overhydration is removed and arterial vessel
diameter is reduced. The increase in BP variability by HD can be
expected as long as no peripheral sympathetic neuropathy is
developed. It has been shown in experimental animals and healthy
subjects, respectively, that a volume depletion causes a significant
surge in LF BP fluctuations [43—45], while a volume loading of the
intrathoracic compartment of the circulation produces a decrease
in LF systolic BP fluctuations [19]. In pathophysiological states
like uremia, many confounding variables may disguise the inter-
pretation. For example, factors like a-adrenergic receptor sensi-
tivity of vascular smooth muscles or toxic agents or the sodium
content in the dialysate may interfere with the volume depletion
effect [27, 46]. Recently, Munakata et al [30] also reported BP
spectra in uremic patients, but the BP signal was recorded once
only at the day prior to HD, So far as their results can be
compared with the data in our patients before HD, the same
decreased BP fluctuations were found in the frequency band
around 100 mHz. In our previous study [17] we did not observe a
significant immediate improvement in the amplitude of the LF
blood pressure waves by HD. This could be due to the small
number of patients (N = 6) studied. Furthermore, these six
patients were treated with HD at the Hôpital Necker where
patients are summarized who have some kind of difficulties in
their casual history. Also, these patients were not screened for
signs of peripheral and autonomic neuropathy.
Relation of systolic BP to HR
The transfer function analysis of spontaneous systolic BP and
HR fluctuations was based on a closed-loop approach to cardio-
vascular regulation [12, 14, 24, 451. The interaction between
systolic BP and HR fluctuations is realized by feedback and
feedforward mechanisms [47]. For example, HR induces changes
in BP fluctuations mainly through the mechanical properties of
the cardiovascular system (feedforward), while BP induces
changes in HR fluctuations mainly by the baroreceptor reflex
(feedback). All other sources of variability acting on HR or BP
can be summarized as noise. If we suppose that noise influencing
HR fluctuations (especially in the frequency range of 100 mHz) is
negligible, a transfer function from systolic BP to HR can be
computed which fulfills the closed-loop model [12, 47]. In this
case, the transfer magnitude of the relationship between systolic
BP and HR fluctuations represents the baroreceptor-HR reflex
(feedback) gain. The interpretation of our data followed this
simplified model. The transfer characteristics between systolic BP
and HR were estimated for the LF band only. It was reported that
alteration of arterial baroreflexes by sinoaortic denervation affects
the coupling between the two signals at the LF but not at the HF
component [471. This illustrates the fundamental contribution of
arterial baroreflexes to the systolic BP-HR relationship around
100 mHz.
We found a high coherence at LF and a closer link between
variations in systolic BP and HR at least in controls during a
sympathetic activation (tilt). In ESRD patients before HD, the
overhydration seems to be a source of system nonlinearities which
caused a loss of coherence (<0.5) in 3 out of 12 patients and a
significantly lower coherence in the remaining patient group
compared to controls. This suggests that volume depletion and
sympathetic effectiveness after HD, as estimated according to the
calculated blood volume change and orthostatic HR response,
increased the coherence of the patient group and approached it to
control values.
The gain of the transfer function between systolic BP and HR
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Control
Supine—Tilt
Fig. 5. Transfer function analysis of systolic blood pressure to heart rate at a
supine position and during 450 head-up tilt in the same subject as in Fig. 2.
A high coherence exists for the relation between systolic blood pressure
and heart rate in the low frequency (60 to 140 mHz) band. The gain
function for the transfer from millimeter of mercury in systolic blood
pressure to beats per minute in heart rate is showing a decrease in the low
frequency band during head-up tilt. The phase spectra depict positive
values in the frequency band of interest indicating a phase lag of systolic
blood pressure behind heart rate. Supine, —; tilt, - - -; bpm, beats per
minute.
variations decreased with tilting in the groups studied. This
supports the notion of a lower arterial baroreflex sensitivity during
upright posture [481. On the other hand, Wright, Levine and
Blomqvist [49] have reported the opposite: an increased arterial
baroreflex gain while standing. Using a causal technique to the
closed-loop ielationship between systolic BP and HR variations,
that is, autoregiessive moving average analysis, Triedman, Perrott
and Saul [50] also observed an increased baroreflex feedback from
BP to HR during tilt. Further studies are required to clarify these
discrepancies.
An unexpected finding was that uremic patients had a resting
transfer magnitude which was pomparable to controls. During tilt,
the gain in patients before and after HD tended to be lower than
in controls. Recently, Munakata et a! [301 also found a normal
transfer gain around 100 mHz in ESRD patients at the day before
HD. However, there have been a few reports using reflex slowing
of HR to a phenylephrine induced rise in BP as an index on
baroreceptor-HR reflex sensitivity demonstrating that baroreflex
gain is reduced in uremic patients [51-53]. This decreased barore-
flex gain seems to be related to the presence of hypertension and
uremic polyneuropathy [53]. In our study no patient showed signs
and symptoms of a peripheral neuropathy, and only four patients
were mildly hypertensive in the before-HD state at the supine
position. Therefore, our findings of a rather unaffected baroreflex
gain in addition to a nearly normal HR rhythmicity after HD
might be interpreted that the parasympathetic cardiac innervation
was not affected in our chronic renal failure patients, suggesting
an effective dialysis regimen. The immediate improvement in
overall cardiovascular variability after dialysis appears to be
related to the correction of hypervolemia rather than to the
removal of dialyzable toxins.
The transfer phase at LF provided constantly positive values in
control subjects and ESRD patients, indicating a phase lag of
systolic BP behind HR fluctuatioi'Is. Why the transfer phase is
significantly lower in resting patients before and after HD com-
pared to controls remains unclear.
To summarize, in ESRD patients we studied the effect of HD
on cardiovascular variability and rhythmicity and on the complex
systolic BP-HR relationship. Hemodialysis with ultrafiltration
provides an immediate improvement of the overall BP variability.
The LF component in systolic BP spectra is essentially restored by
dialysis. Chronic uremia induces no changes in the transfer gain
which reflects the modulation of HR by systolic BP. We suggest
that the improvement of overall BP variability and its spectral
components with dialysis is related to the volume depletion of the
patients during a dialysis treatment.
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